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Field of the Invention 

The invention relates to the field of fiber optics, and more particularly to 
birefringence in single-mode fibers. 

Background of the Invention 

Linear birefringence in a single-mode fiber optic sensing coil employing the 
Faraday effect has the effect of reducing the sensitivity of the coil to magnetic fields. The 
sensitivity decreases with increasing length and birefringence of the coil. Birefringence 
occurs even if the sensing fiber is straight, due to the presence of residual linear 
birefringence resulting from core ellipticity. Even nominally circular core single mode 
fibers possess some core ellipticity due to imperfections in the production process. 
Additionally, bending or other anisotropic stresses on the core contribute to 
birefringence, such as when the fiber is formed into a coil. 

Linear birefringence tends to suppress the response of the fiber to magnetic fields. 
As this effect is temperature dependent, and each fiber has different characteristics, it is 
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difficult to produce a sensing coil whose characteristics are known over the operating 
temperature range. Moreover, measuring the coil temperature may be impracticable and 
expensive. 

In the short section of fiber that is used for a sensing coil (a few meters to 50 
5 meters), the ellipticity is relatively constant. This arises from the method of manufacture 
of optical fiber, where the fiber is drawn down from a preform. A preform is a version of 
the fiber that has a larger diameter than the fiber, but is shorter in length. Exemplary 
length ratios (fiber/preform, for fibers manufactured by KVH Industries) are 
fU approximately 4000:1. In other words, 0.25 mm of preform length yield approximately 1 

H 10 meter of fiber. Over this short preform length the ellipticity will not change significantly, 
- ' so that the ellipticity can be considered as being constant in that section of fiber. 

ps,. 

% Several approaches have been proposed to overcome the deleterious effects 

Pj caused by linear birefringence when the fiber is used for current sensing. For example, 

circular birefringence can be introduced by torsion-type twists to "swamp" the linear 
15 birefringence and achieve coupling of the linear modes. Alternatively or in addition, the 
preform or the fiber can be spun or rotated in an oscillating manner during drawing to 
reduce polarization mode dispersion (PMD). These remedies tend to complicate the fiber 
or coil fabrication process, may require annealing, and are expensive. 

It would therefore be desirable to provide an optical fiber for magnetic field and 
20 current sensing applications and a method of producing such an optical fiber that has 

increased sensitivity to a magnetic field and reduced temperature dependence by reducing 



-2- 



the deleterious effects caused by linear birefringence and that can be produced at less 
cost. 

Summary of the Invention 

The invention relates to reducing the effect of linear birefringence in an optical 
fiber, in particular a circular-cored single-mode fiber. According to one aspect of the 
invention, a method is disclosed of reducing linear birefringence in an optical fiber, 
which may include subdividing a length of the optical fiber into a plurality of sections, 
and introducing between the sections a twist having a predetermined sense of rotation and 
a twist angle. Twist, as used herein, may be a permanent rotational displacement of the 
fiber from its initial position over a distance which is a small fraction of a beat length. In 
one method, the twist occurs over a length of less than 1mm. According to another aspect 
of the invention, an optical fiber with reduced linear birefringence may include a plurality 
of fiber sections, and a twist located between adjacent sections. The sense of rotation of 
the twist between sections along the optical fiber may be reversed after an accumulated 
twist between previous fiber sections is substantially equal to or greater than 90°. The 
distance over which the accumulated angle is 90° may preferably be less than half of the 
beat length. As is known in the art, a beat length is the distance along the fiber required 
for two propagating waves having differing velocities to move out of and back into 
synchronization. 

Embodiments of the invention may include one or more of the following features. 
The twist angle may be less than or equal to 90°, with the twists produced by heating the 
fiber to a softening point of the fiber material, without affecting the shape of the fiber 



core. (Twists greater than 90° may be used, although they offer no benefit over twists of 
less than 90°.) More particularly, the orientation of the fiber is substantially maintained 
between twists, i.e., the fiber sections themselves are not twisted. The twists may be 
produced either with a consistent sense of rotation of the twists along the fiber or by 
5 reversing the sense of rotation, as described above. 

Further features and advantages of the present invention will be apparent from the 
following description of preferred embodiments and from the claims. 

Brief Description of the Drawings 

The following figures depict certain illustrative embodiments of the invention in 
10 which like reference numerals refer to like elements. These depicted embodiments are to 
be understood as illustrative of the invention and not as limiting in any way. 

Fig. 1 an exemplary fiber having birefringence with a 90° twist section according 
to the invention; and 

Fig.2 an exemplary fiber having birefringence with two consecutive 45° twist 
15 sections according to the invention. 

Detailed Description of Certain Illustrated Embodiments 

By way of background information, consider a linearly polarized wave launched 
along one of the two residual birefringent axes of an optical fiber. It will have a different 
propagation velocity than a wave launched in the other orthogonal axis. Although this 
20 difference is typically not great, it is sufficient to adversely effect the Faraday effect 
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sensitivity. The sensitivity, S, of a fiber optic coil to an electric current flowing through 
a wire enclosed by the coil can be shown to be: 

S=p sinS/S, 

wherein p=VNI: 

V = Verdet Constant in rad/Amp 
N= number of turns in the fiber coil 
1= current in conductor enclosed by coil 

and; 

5=p NDtt: 

P= linear birefringence in rad/m 

D= diameter of the fiber coil in meters. 

From this expression it may be seen that the sensitivity of the coil, all other things 
held constant, is a sin(x)/x function of the product of the linear birefringence and the 
length of the coil, multiplied by a factor that is proportional to both the current and the 
length of the coil. Birefringence itself causes the sensitivity of the coil to vary from the 
ideal by an unknown amount, and since the birefringence has a stress based component, it 
has an unknown temperature dependence. 

Referring now to Fig. 1, in a first embodiment of the invention, a length L of an 
optical fiber 10 may be segmented into two sections 12 and 14, with an approximate 90° 
splice or twist 16 introduced between the sections 12 and 14. The individual sections 12, 
14 may run straight and may not include twists. The light waves propagate in the fiber 10 
across both sections 12 and 14 without changing their physical general orientation, but 



the axis x-x of the fiber ellipse 12a of fiber section 12 will rotate by approximately 90° at 
the splice 16 to axis x'-x' of fiber ellipse 14a of section 14. This may have the effect of 
interchanging the effects of the linear birefringence between the two orthogonal waves. 
By the time that the two waves introduced at one end of the fiber section 12 reach the far 
end of the second fiber section 14, the overall retardation may be the same for each mode 
for the case having even numbers of fiber sections, such as the two sections of Fig. 1. 
This may have the effect of eliminating ellipticity as a contribution to linear birefringence 
of the overall fiber length. 

At first, the introduction of discrete rotations at the splice 1 6 may appear to be a 
piecewise approximation to the aforedescribed technique of spinning the fiber as it is 
drawn. However, with the technique of the present invention, any well-made single mode 
fiber may be utilized, since discrete rotations may be introduced by either an 
approximately 90° splice or a melted twist as described in the co-pending U.S. patent 
application 09/337,223 to Dyott, having a filing date of June 22, 1999, which is 
incorporated herein by reference. Accordingly, the method of the invention may be 
considerably less costly than making special fiber. It is noted that optical fiber 10 may 
typically include a coating (not shown) which may be removed from fiber 10 in the area 
of splice 16, such that the twist can be made. Subsequently, the coating may need to be 
replaced. In the context of the present invention, the word "twist" refers to a rotation of 
the fiber in the longitudinal direction about its core by either a splice or a melted twist. 

Successive twists generally of approximately 90° may continue in the same sense 
of rotation or reverse rotation, since the fiber generally has 180° rotational symmetry, so 
that an approximately 90° rotation has the same effect as an approximately -90° rotation. 



In other words, the fiber in this embodiment of the present invention may have two 
identifiable orthogonal axes of linear polarization arising out of the residual ovality of the 
core or residual stresses from the drawing process, and over the very short distance 
involved, these axes may not rotate with respect to the fiber itself An approximately 90° 
5 twist is effective as it introduces the maximum angular change per twist. 

Fig. 2 depicts a second embodiment using a lesser angle, for example, 45°. In this 
embodiment, a length L of an optical fiber 20 may be segmented into several sections. 
The illustrated example depicts three sections 22, 24, and 28, with two 45° splices or 
twists 26', 26" introduced along the fiber length. Successive twists would preferably 

io continue in the same sense of rotation, until the total accumulated twist angle is 

approximately 90°. Thereafter, the sense of rotation may be reversed. The individual 
light waves will continue to propagate in the fiber 20 across the three sections 22, 24 and 
28 without changing their physical orientation, but the axis y-y of the fiber ellipse 22a of 
section 22 will rotate by approximately 90° after traversing both splices 26', 26" to axis 

15 y'-y' of the fiber ellipse 28a of section 28. 

If this occurs often enough, it may minimize the effects of linear birefringence 
and may stabilize the fiber sensitivity to the Faraday effect. In the embodiments of the 
twist described here, it is clear that the relatively "abrupt" junction between the fiber 
sections results in interchange of energy between the modes. The junction may preferably 
20 be long enough so as not to cause reflection and scattering of the propagating light, but 
also preferably not be so long that it can be considered adiabatic and slowly rotates the 
plane of polarization. 
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It may not be sufficient to use only one twist at the center. This depends on the 
differential retardance (birefringence) between the modes. It is desirable to restrict the 
cumulative retardance along the fiber to a fraction of a beat length; that is, the cumulative 
retardance may preferably be less than 180° in any section of fiber length. The smaller 
the total retardance per fiber section, the better the expected performance may be. Fibers 
may have from about 10° to several thousand degrees of retardance per meter. More 
likely, however, retardance may be much less than 5007m for typical modern single- 
mode communication fibers. By using three twists, i.e., by creating four sections, the 
cumulative retardance may be limited to that of one quarter of the length of the entire 
fiber. The number of twists per meter may likely depend on the characteristic properties 
of the fiber. 

It has been found that, in using torsion-type twists, two approximately 360° turns 
for a fiber having a measured retardance of about 1007m (considered a large value), may 
be sufficient to render the fiber insensitive to polarization effects. In stress torsion 
induced circular birefringence, the magnitude of the coupling effect depends on the 
relative values of the circular and linear birefringence. While the effect of the torsion- 
type twists and the twist method of the present invention may not be exactly equal, it is 
unlikely that the circular birefringence due to practical torsion twist rates will have an 
effect greater than the twist technique of the present invention. Using the twist technique 
of the present invention, the two whole (approximately 360°) turns could be 
accomplished with 8 twists, creating 9 fiber sections. 



Modern communications fibers may have a typical beat length of 6 meters, 
implying a residual retardance of approximately 607m. As such, only about 4 sections 
may be needed. The sections need be only approximately the same length, and the twist 
angles only approximate to achieve the desired result. 

To increase the effectiveness of the method even further, the twist technique may 
be combined with other techniques, such as annealing or a toroidal coil (U.S. patent 
6,023,33 1 to Blake et al.) or a Berry's phase coil. 

While the invention has been disclosed in connection with the preferred 
embodiments shown and described in detail, various modifications and improvements 
thereon will become readily apparent to those skilled in the art. Accordingly, the spirit 
and scope of the present invention is to be limited only by the following claims. 



